This work describes an electrochemical and quantum chemical investigation of the fipronil insecticide. Cyclic voltammetry (CV) and square wave voltammetry (SWV) experiments were performed over a graphite-polyurethane (GPU) composite electrode. The fipronil molecule presents an one-electron irreversible oxidation reaction. Profiting the SWV signal a square wave stripping voltammetry (SWSV) procedure to determine the fipronil molecule in a 0.10 mol L 
Introduction
Fipronil, (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-phenyl]-4-[(trifluoromethyl)-sulfinyl]-1H-pyrazole-3-carbonitrile), is a potent insecticide of phenylpyrazole group used in agriculture to control pests with high efficiency at very low doses. [1] [2] [3] Regent ® , Frontline ® , Termidor ® , among others, are commercial products that contain fipronil as active ingredient. It is used against beetles, ticks, fleas, termites and other pests. 4 It is currently registered in more than 70 countries for the control of insect pests in more than 100 crops such as corn, soybean, sugar cane and wheat. The chemical structure of the fipronil molecule is shown in Figure 1 .
The fipronil molecule acts disrupting the insect's central nervous system by blocking the passage of gamma aminobutiric acid (GABA) regulated chloride channel causing paralysis, convulsions and death. 5 In some countries it was banned because a strong undesirable effect against honeybees and non-target insects were seen with serious consequences like a great environmental impact and economical prejudices.
According to the literature, 6 the fipronil molecule degrades to four breakdown products when exposed to different conditions: fipronil molecule degrades to fipronil-sulfide via anaerobic reduction; to fipronil-sulfone via aerobic oxidation; to fipronil-desulfide via photolysis; and to fipronil-amide via hydrolysis. They are too or more toxic than the fipronil and cause serious environmental consequences.
An analytical method for the fipronil determination is needed in order to have a true measure in different matrices such as food, soils, water. Chromatographic techniques are the most commonly used tools to determine pesticide residues. [7] [8] [9] [10] [11] In recent years pre-concentration methods and sample cleanup steps such as quick, easy, cheap, effective, rugged and safe (QuEChERS), 12 microwave assisted extraction, 13 extraction with an ionic liquid, 14 solid phase extraction, 15 solid phase microextraction 16 and matrix solid phase dispersion 17 were employed with good results. No electroanalytical procedure was found in literature for the fipronil determination. Electroanalytical methods are powerful and versatile tools used to determine species such as antioxidant, drugs, hormones, metals, pesticides and vitamins. 18 They are fastness, precise, sensitivity, selectivity and low-cost instrumentation. Some pesticides contain electroactive functional groups and voltammetric techniques can be applied for determinations. The graphite-polyurethane (GPU) composite electrode developed by Mendes et al. 19 combines a high mechanical resistance and an excellent signal/noise ratio which is an excellent sensor for analytical purposes. It exhibited a good performance in electroanalysis of different compounds such as rutin, 20 imipramine 21 and heavy metals. 22 So the purpose of this paper is the electrochemical and quantum chemical investigation of the fipronil insecticide and the development of an analytical methodology for the fipronil determination by square wave stripping voltammetry using the GPU composite electrode. Natural water samples were analyzed to evaluate the proposed method. The theoretical chemical calculations were employed on the fipronil at two different states in the gas and aqueous phases aiming to establish the most probable oxidation sites of the molecule.
Experimental
A potenciostat/galvanostat Autolab (Ecochemie) model 12/30 PGSTAT interfaced with a computer by the GPES 4.9 software was used for voltammetric measurements. A conventional three electrode cell was used for the voltammetric experiments. The working electrode was a 0.13 × 1.0 cm 2 GPU electrode prepared following the procedure of Mendes et al. 19 The measured potentials refer to an Ag/AgCl(s) electrode in 3.0 mol L -1 KCl aqueous solution. A platinum wire was used as auxiliary electrode. A 1.0 × 10 -3 mol L -1 stock solution of the fipronil insecticide (Sigma-Aldrich, 97%) was prepared in ethanol. A 0.1 mol L -1 Britton-Robinson (BR) buffer solution was utilized as supporting electrolyte. A 1.0 mol L -1 NaOH solution was used to adjust the pH values. Cyclic voltammetry measurements were performed to investigate the electrochemical behavior of the fipronil. The scan rate effect was availed in the range from 10 to 300 mV s -1 , and the potential range availed was selected from 0.7 to 1.2 V. Square wave voltammetry (SWV) investigations were done with the optimized parameters for the fipronil: frequency 100 s -1 , amplitude 50 mV and scan increment 2 mV. The parameters of square wave stripping voltammetry (SWSV) such as accumulation potential and time were availed to get the best signal for analytical applications. The accumulation potential was applied to the working electrode for a selected time while the mass transport was controlled at 400 rpm. After the accumulation step the electrode was kept in quiescent solution for 15 s and the voltammograms were recorded by SWV. The SWSV calibration curve was built from 0.5 to 2.5 × 10 -6 mol L -1 . The limits of detection (LOD) and quantification (LOQ) were calculated using the equations below:
where s B is the mean of ten blank measurements and b is the slope of calibration curve. Recovery studies were carried out in three samples of natural waters using the electroanalytical procedure. 25 mL of each sample were buffered with BR solution pH 8.0 and fortified with a fipronil ethanolic solution for concentration (C).
Aiming to shed some light into the electro-oxidation process of the fipronil molecule, quantum chemical calculations were performed to evaluate the atomic charge shifts of the system. First, using internal criteria of convergence, a fully unconstrained geometry optimization of the fipronil molecule on the ground state was obtained with Kohn-Sham version of the density-functional theory 23, 24 (KS-DFT) by means of the spin unrestricted B3LYP functional 25 (Becke three parameter hybrid functional for exchange 26 with Lee-Yang-Parr functional for electronic correlation) 27 and 6-31G+(d,p) basis set 28 for both gas and solvent phases. The geometry optimization processes were followed by a vibrational frequency analysis to confirm that the found structures were in a true minimum of the potential energy surface. The effect of water as implicit solvent was included according to the integral equation formalism of the polarized continuum model (IEFPCM) 29 employing the self-consistent reaction field (SCRF) method. The optimized geometries were then used to calculate the electronic charges over each atom of the system in two different situations, with the fipronil molecule in the ground Okumura et al.
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Vol. 27, No. 5, 2016 and ionized states (cationic molecule). In both cases, the atomic charges were calculated using the CHelpG scheme. 30 In this scheme, the charges are produced to better fit the molecular electrostatic potential of the system at a number of points around the molecule. The charges derived from the electrostatic potential present some advantages since they are, in general, more satisfactory than those calculated with Mulliken population analysis. 31 For the molecule in the ground and cationic states a spin multiplicity, M, of 1 and 2 was adopted, respectively, according to the expression to distinguish degenerate wavefunctions that differ only in the orientation of their angular spin momenta, M = 2S + 1, where S is the total sum of the spin vector of the unpaired electrons. Aiming to analyze the atomic charge shifts for the adiabatic ionization process besides the vertical one, a fully unconstrained geometry optimization of the fipronil in the cationic state was also performed in both gas and solvent phases. All calculations were performed with the Gaussian 03 suit of programs.
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Results and Discussion
Cyclic voltammetry The cyclic voltammogram of the fipronil exhibited a well-defined peak of oxidation in a potential value close to 0.95 V. The absence of a reduction peak asserts the irreversibility of the electrochemical process. The processes at potentials between −0.5 and 0.0 V refer to polyurethane resin groups. The fipronil presents a hydrophobic character (log P = 3.62) which favors its adsorption on the surface of the GPU electrode and thus eases the electrochemical oxidation. 33 Adsorption studies of the fipronil in soil particles demonstrated that the compound has a good affinity for materials with high content of organic matter. In order to get a low peak potential and a not too high pH combined with a high intensity and sensitive peak current, the pH value 8.0 was chosen for a development of an electroanalytical method for the fipronil determination.
Effect of scan rate
The scan rate was investigated in a solution of fipronil 5.0 × 10 -5 mol L -1 in the range of 10 to 300 mV s -1
. The voltammograms are presented in Figure 4 .
The inset plot shows that the relationship Ip vs. scan rate is linear with regression coefficient, r = 0.999, and suggests that the reaction is partially controlled by adsorption of species on the electrode surface. This fact indicates that stripping methods can be applied to detect the substance with better sensitivity and lower limits of detection and quantification. Figure 5 shows the study of the effect of accumulation potential and time for the fipronil determination by SWSV. Figure 5A presents the effect of accumulation potential at 120 s. The highest signal peak was seen in the potential value of 0.50 V. So this value was selected for studies of accumulation time. Figure 5B shows that increasing current response is observed from 0 to 120 s. Thus the preconcentration of 120 s was used to subsequent studies to develop an electroanalytical method for the fipronil determination. Figure 6 shows square wave stripping voltammograms for the fipronil solutions.
The currents increased linearly with the fipronil concentration over the range 0.50-2.50 × 10 -6 mol L -1 . The parameters of regression linear, LOD and LOQ and recovery percentages of the three natural water samples are presented in Table 1 .
The developed method based in SWSV using the GPU composite electrode is simple, fast, reproducible and adequate for routine analysis.
To complement the voltammetric investigations and help to determine the most probable oxidation sites of fipronil molecule, the electronic charge distribution over each atom of the system at the ground and cationic states was determined for both gas and aqueous phases presented in Table 2 . The atoms in the first column of the Table 2 are numbered as presented in the Figure 7 .
The atomic charges for the ground state were obtained after fully unconstrained geometry optimization in gas and in aqueous phases (second and third columns). The next four columns of the Table 2 show the atomic charges for the oxidized state also in gas and in aqueous phases. For each phase, two different situations were considered; the vertical ionization (fourth and sixth columns) with charges obtained from the same geometry as those of the ground state, and the adiabatic ionization (fifth and seventh columns) with charges obtained after fully unconstrained geometry optimization at the cationic state. That allows four different analysis of the atomic charge variation of the fipronil (the last four columns of the Table 2 ), for vertical and adiabatic ionizations in the gas phase and in the aqueous phases.
From the last four columns of the Table 2 , it can be noted that the overall tendency of the atomic charge variation remains the same independently of the phase and of the ionization process considered. The vertical ionization in the gas phase, Δ(gas, vertical), shows that the highest variation in the atomic charges of the system after the removal of an electron relies on the nitrogen, N15 and N16, of the pyrazole ring indicating this as the most probable oxidation site of the fipronil molecule.
The second most probable oxidation sites of fipronil molecule relies on the sulfur atom of the sulfoxide group, S19, on the nitrogen atom of cyanide group, N30, and on the oxygen of sulfoxide group, O20. For the adiabatic ionization process in the gas phase, Δ(gas, adiabatic), both nitrogens N15 and N16 remain as important oxidation sites although less pronounced than for the vertical ionization. This is an expected effect, since the geometry optimization of the cationic state causes a charge delocalization which reduces the strength of the N15, N16, and S19 as oxidation site and increases the importance of C14, the carbon atom of the pyrazole ring to which the cyanide group is attached. On the other hand, the inclusion of the solvent effect in the vertical ionization process, Δ(water, vertical), stress the charge localization observed in the gas phase increasing the strength mainly of the N16 over the N15 as an oxidation site. Finally, the inclusion of the solvent effect in adiabatic ionization process, Δ(water, adiabatic), although causing a charge delocalization, does not take the place of both N16 and N15 away from the most probable oxidation sites of the fipronil molecule, followed by the nitrogen of the cyanide group, N30, the oxygen of the sulfoxide group, O20, and carbon of the pyrazole ring to which the cyanide group is attached. It is worth to note that electrochemical oxidation of organic compounds containing nitrogen consists in the removing of an electron from the nitrogen atom forming a cation. Nuclear magnetic resonance and mass spectrometry studies are necessary to complement this work to purpose an electrochemical mechanism of the fipronil oxidation. In a very recent work, Taillebois et al. 34 performed a conformational study and molecular electrostatic potential calculation of the fipronil molecule among other pesticides. After full geometry optimizations using M06-2X density-functional and 6-311G(d) basis set function, their conformation study in the gas phase revealed eleven energetic minima for the fipronil. These energetic minima were found considering the rotation of two dihedral angles, one involving the dichlorobenzotrifluoride and the amino-cyanopyrazole rings (named D1 by the authors), and another concerning the amino-cyanopyrazole ring and the trifluoromethylsulfinyl group (named D2 by the authors). The two most stable gas phase conformations show a dihedral angle D1 of −77 and −103° while in our fully optimized gas phase structure the same dihedral angle is −86.1°. This difference in the dihedral angle between the two rings of the fipronil, probably related to the density-functional and the basis set functions adopted, although causing a large influence on the atomic charge of the chlorine atoms, should not impact the atomic charges of the nitrogens, N16, N15, and N30, sulfur, S19, and oxygen, O20, on the same way, as demonstrated by the molecular electrostatic calculations performed by Taillebois et al. 34 The same discussion can be made for the other dihedral angle of fipronil involving the amino-cyanopyrazole ring and the trifluoromethylsulfinyl group studied by Taillebois et al. 34 since again, their calculated molecular electrostatic potential for the nitrogens, oxygen and sulfur atoms, the most evident oxidizing sites according to our investigation for vertical and adiabatic processes in gas and aqueous phases, do not show significant changings.
Also in a recent work, Jiang et al. 35 evaluated an experimental and theoretical study on the (3-cyano-1-(2,6-dichloro-4-(trifluoromethyl)phenyl)-4-((trifluoromethyl) sulfinyl)-1H-pyrazol-5-yl)(2-(triethylammonio)acetyl) amide, a very close related system to fipronil. The molecular geometry obtained from their optimization with B3LYP density-functional, LANL2DZ basis set for chlorine and sulfur, and 6-31++G(d,p) basis set for the other atoms show few bond distances slightly longer than that obtained from their X-ray diffraction. The theoretical dihedral angle involving the dichlorobenzotrifluoride and the amino-cyanopyrazole rings is very similar to that found in the X-ray diffraction experiment, −93.1 and −92.7°, respectively, and agrees better with that found in this work, −86.1°, than that found by Taillebois et al., 34 −77 and −103°. Again, the role played by the density-functional and basis set functions seems to be important. The other dihedral angle involving the amino-cyanopyrazole ring and the trifluoromethylsulfinyl group, equals to −107.1 and −111.5° for the theoretical and experimental study, respectively, of Jiang et al. 35 differs from that obtained by us for the ground state fipronil in the gas phase, equals to −79.4°, being, however, very close of that for the cationic state in the gas phase, equals to −111.2°. 
Conclusions
Fipronil exhibits an irreversible behavior with a well defined peak at 0.95 V over the GPU electrode. The mass transport is controlled partially by diffusion and adsorption of species on the electrode surface. The method based in square wave stripping voltammetry was fast, low cost and sensitive for the fipronil determination. The limits of detection and quantification were 0.80 and 2.67 μg L -1 , respectively. The recovery values of three natural water samples were near 100%. Quantum chemical calculations based on KS-DFT using B3LYP/6-31G+(d,p) approach and CHelpG scheme indicate that the most probable oxidation site of the fipronil molecule relies on the nitrogen atoms of the pyrazole ring since both atoms presented the highest atomic charge variation after the oxidation process.
